We report here single-layer ultracompact Fano-resonance photonic crystal membrane reflectors (MRs) at mid-infrared (IR) and far-IR (FIR) bands, based on single layer crystalline Si membranes. High-performance reflectors were designed for surfacenormal incidence illumination with center operation wavelengths up to the 75-m FIR spectral band. Large-area patterned MRs were also fabricated and transferred onto glass substrates based on membrane transfer processes. Close to 100% reflection was obtained at the $76-m spectral band, with a single-layer Si membrane thickness of 18 m. Such Fanoresonance-based membranes reflectors offer great opportunities for high-performance ultracompact dielectric reflectors at IR and THz regions.
Introduction
Compact broadband reflectors are of great importance for optoelectronic devices and photonic integrated circuits like lasers, photodetectors, solar cells, and sensors. Traditionally, they can be realized by using metal or stacked dielectric thin films. Metal films offer larger reflection bandwidth but are limited by their intrinsic absorption losses. Stacked dielectric distributed Bragg reflectors (DBRs) can achieve very low losses, but they typically require many individual layers with stringent refractive index and thickness tolerances for each layer. It becomes a difficult engineering challenge to realize extremely high-reflection DBRs at mid-infrared (IR) and far-IR (FIR), and THz frequencies, due to the scaling of the dielectric quarter-wavelength stack.
Recently, broadband reflectors based on Fano resonance or guided mode resonance [1] - [5] have attracted great attention, where high reflectivity can be obtained with a single-layer 1-D highcontrast grating (HCG) [6] or a 2-D photonic crystal slab (PCS) structure [5] . By properly controlling the design parameters, very broadband reflectors can be obtained. Based on crystalline membrane transfer, high-performance membrane reflectors (MRs) and lasers at near-IR (NIR; 1550nm) have been reported recently fabricated on crystalline Si, SOI and on glass substrates [5] , [7] , [8] .
We report here single-layer ultracompact Si-MRs at mid-IR and FIR bands, based on a suspended membrane structure. High-performance reflectors were designed for surface-normal incidence with center operation wavelengths of 1.5 m, $9 m, 32 m, and 75 m, respectively. Large-area patterned MRs were also fabricated and transferred onto glass substrates using a PDMS-stampassisted membrane transfer printing process. Close to 100% reflectivity was obtained at the $76 m spectral band, with a single-layer Si membrane thickness of 18 m.
MR Design
As shown schematically in Fig. 1(a) , a square lattice air hole photonic crystal structures on SOI substrate is used for our design. The key lattice parameters are shown in Fig. 1(b) , where r, a, and t represent air hole radius, lattice constant (period), and Si-MR thickness, respectively. The complex index parameters for Si and SiO 2 used in the design are shown in Fig. 1(c) and Fig. 1(d) , respectively [9] . The chosen design parameters were based on finite-difference time-domain (FDTD) simulations and rigorous coupled-wave analysis (RCWA) techniques [10] . Shown in Fig. 2 are the simulated reflector performances for designs at four different wavelength bands. All designs are based on suspended (in air) Si-MR configurations. Broadband reflection with 100% peak reflection is achieved for all designed wavelength bands, with the optimal selection of lattice parameters and Si thicknesses. Based on scaling principles, it was found that the optimal Si-MR thickness (t) is $ 0:75À 0:85 ð=nÞ, and the optimal lattice constant (a) is $1:9 À 2:1 ð=nÞ, where is the wavelength and n is the refractive index of Si.
MR Fabrication
The Si-MR fabrication process flow is shown schematically in Fig. 3 . Patterns were first formed in photoresist on SOI substrates using either e-beam lithography or optical lithography, depending on the feature size required for the different spectral bands. This was followed by a reactive-ion etching (RIE) process to transfer the pattern into the host material. The patterned Si membrane structures were then released by a selective buffered oxide etchant (BOE) etching of the buried oxide (BOX) layer. Finally, the patterned single-layer Si membrane was transferred onto a transparent foreign substrate, such as glass. In order to avoid the strong absorptions in the SiO 2 material for wavelengths greater than 5 m [see Fig. 1(d) ], an open hole was formed on the transparent glass substrate to produce a suspended Si-MR [11] .
Shown in Fig. 4 are images of the fabricated Si-MR at the 76-m spectral band patterned using optical lithography. As shown in Fig. 4(a) , up to a 1 00 square high-quality patterned area was formed, with excellent uniformity [see Fig. 4(b) ]. The structure was released and transferred onto a piece of glass substrate to form a suspended membrane Si-MR, as shown in Fig. 4(c) .
MR Characterization
Various measurement setups have been used for Si-MR reflection measurements in different spectral regions. For NIR structures, a free-space beam splitter was used for surface-normal reflection measurement, with a gold reflector used as reference [12] . For longer wavelengths (MWIR to LWIR), a Nicolet micro-Fourier transform IR (FTIR) system was used, where the reflection measurement was carried out with a 23. 6 off-surface-normal beam, through a 15x 0.4NA reflecting objective lens. A SEM top-view image of the fabricated Si-MR at 8-m spectral band is shown in Fig. 5(a) , along with a cross-sectional SEM image and a micrograph shown in the insets. High-quality uniform pattern with size $1 cm 2 area was achieved. Measured reflection spectrum is shown in Fig. 5(b) , where the measured was carried out with a 23. 6 off-surface-normal beam. Close to 90% peak reflection was achieved. It is worth notice that these MRs are very sensitive to incident angles. It is anticipated that the surface-normal reflection for this MR can be much higher.
To estimate the reflectivity of the Fano reflector at FIR, a Fabry-Perot interferometer was formed from two identical reflectors and its finesse characterized. The finesse F may be determined from the free spectral range (FSR; Á) and the resonance full width at half-maximum (FWHM; ) according to F ¼ Á=. The reflectivity R is then found from the measured finesse according to F ¼ ffiffiffiffi R p =ð1 À RÞ [13] . The FIR measurement setup is shown in Fig. 6(a) . One of the Fano reflectors was mounted on a fixed mirror mount. The second was mounted on a computer-controlled motorized precision translational stage. Radiation from a quantum cascade laser (QCL) at 70-m wavelength was collimated by a 90 off-axis parabolic mirror and passed through the Fabry-Perot cavity, where it was focused onto a slow but sensitive Golay cell detector by a second off-axis paraboloid. The QCL (Trion) was held at 77 K inside a liquid nitrogen cryostat with a polyethylene output window. The collimating optic was inside the cryostat. The laser was excited with a burst of fifty 10-s-long pulses. The repetition rate of the burst was $10 Hz, and the burst duty cycle was 50%. The optical transmission spectrum, integrated by the Golay cell and lock-in amplified at the slow burst repetition rate, was recorded. Shown in Fig. 6 (b) are the measured and simulated surface-normal reflection spectrum outputs derived from transmission measurements. Assuming no absorption in the spectral band, we can obtain close to 100% reflection at roughly 76-m wavelength. The experimental results agree reasonably well with the simulation results.
Conclusion
We have performed detailed design studies, experimental fabrication, and IR measurements on ultracompact single-layer silicon photonic-crystal Fano MRs for the mid-IR and FIR spectral regions. We have attained very high reflectivity (approaching 100%) over a broad spectral band with this alldielectric semiconductor membrane and the observed results agreed well with simulations. Highreflectivity Si membranes have been obtained at the IR center wavelengths of 8 m and 76 m. The results here indicate that a variety of high-Q membrane-cavity enhanced applications will be feasible in chem-bio sensors, lasers, photodetectors, photovoltaics, and filters; uses that would, in many cases, employ a Fabry-Perot resonator comprised of two parallel membranes, yielding a Q-factor higher than that provided by competing techniques.
